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Summary

Aerothermal tests were conducted in the Langley

8-Foot High-Temperature Tunnel at a Mach num-

ber of 6.5 on a series of spherical dome protuber-

ances mounted on a flat-plate test apparatus. De-

tailed surface pressure and heating-rate distributions

were obtained for various dome heights and diame-

ters submerged in both laminar and turbulent bound-

ary layers including a baseline geometric condition

representing a thermally bowed metallic thermal pro-

tection system (TPS) tile. These results form a
data base that can be used to predict aerothermal

load augmentation for dome protuberances typical
of bowed TPS tiles.

The present results indicated that the surface

pressures on the domes were increased on the wind-
ward surface and reduced on the leeward surface

as predicted by linearized small-perturbation theory,

and the distributions were only moderately affected

by boundary-layer variations. Surface heating rates
for turbulent flow increased on the windward sur-

face and decreased on the leeward surface similar to

the pressure; but for laminar boundary layers, the

heating rates remained high on the leeward surface,
probably due to local transition. Transitional flow

effects caused heat load augmentation to increase by

30 percent for the maximum dome height in a laminar

boundary layer. However, the corresponding aug-

mentation for a dome with a height of 0.1 in. and

a diameter of 14 in. representative of a bowed TPS

tile was 14 percent or less for either a laminar or

turbulent boundary layer.

Introduction

An important design consideration for hypersonic

flight vehicles is the thermal protection system (TPS)
of the primary structure. Various design candidates
of both metallic and ceramic classifications have been

fabricated and tested. (See refs. 1 to 4.) Further-

more, the reliability of the ceramic TPS has been

established by the successful flight program with the
Space Shuttle orbiter. The most recent metallic de-

sign, as described in references 5 an_d 6, features a
metallic tile with a low heat-transfer coefficient me-

chanically attached at each corner to the primary

structure. All the various TPS concepts have inher-

ent surface irregularities and/or protuberances that

must be addressed both analytically and experimen-

tally for pressure and heat load augmentation. The

ceramic TPS concepts were faced with surface gaps
between the tiles to allow for thermal and mechanical

deflections. (See ref. 1.) The earlier metallic concepts

were characterized by a corrugated aerodynamic sur-
face. The corrugations significantly increased local

aeroheating when not aligned with the flow, as pre-

sented in reference 7. To accommodate the higher

thermal loads, higher temperature materials were re-

quired with attendant increased mass. The more re-
cent metallic concept has surface irregularities due

to bowing of the individual tiles to relieve thermally
induced stresses. An array of bowed tiles over the

surface of a vehicle would alter the surface profile to

a quilted pattern and thus modify the aerothermal

pressure and heat loads on the surface.

The flow over wavy surfaces associated with the

earlier metallic concepts was studied analytically in
references 8 and 9. The most successful methods were

empirical (see refs. 7 and 10), but the extrapolation of
local flow behavior to large surface areas is the most

difficult part of the analysis. The quilted surface pat-
tern of bowed TPS tiles has been analyzed using a full

Navier-Stokes solution, and the results are presented

in references 11 and 12. The analysis was first ap-

plied to a simple spherical dome protuberance with

a Mach 7 flow using a flat-plate laminar boundary

layer for a sharp leading edge. The dome was mod-

eled with both side boundaries as planes of symmetry

representing a single row of domes transverse to the

flow. This analysis provides very graphic details of

the flow field about domes of various heights from

one-half to twice the laminar-boundary-layer thick-
ness. In reference 12 this work is extended to repre-

sent the quilted pattern for a series of domes in the

flow direction. Again, the complete laminar flow field

was obtained and a complex flow was revealed when

the domes were diagonally aligned to the flow. This

analysis indicated that the heat load of the down-

stream domes was substantially less than that of the

leading dome. The works of references 11 and 12 are

major contributions in defining the surface/flow in-
teractions associated with bowed TPS tiles; however,
a turbulent-flow model is needed for more realism

and experimental results are needed for verification.

The present experimental study was designed to
provide data for the verification of the laminar anal-

ysis of reference 11 and to provide verification data

to extend the study to include larger domes and the
turbulent-flow condition. For the present study, the

baseline dome simulated a 10- by 10-in. metallic tile

that would bow 0.1 in. at the design temperature

differential through the tile thickness. The single

dome representing this tile was 14 in. in diameter.

For the parametric study, the diameter was varied
between one-half and twice the baseline diameter.

Also, the dome heights were exaggerated by factors

of 2 and 4 to establish a trend in the pressure and
heating-rate distributions on the domes. Aerother-

mal tests were made in the Langley 8-Foot High-
Temperature Tunnel (8' HTT) at a Mach number
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of 6.5, a total temperature of 3300°R, and a unit
Reynolds mlmber of 0.3 x 106 per foot. Detailed

surface pressure and heating-rate distributions were
obtained for domes submerged in both laminar and

turbulent boundary layers. The results of this study

are presented herein and serve as a data base to

complement and verify predictions of the augmented

aerothermal loads due to the thermally induced

bowing of metallic TPS tiles.

Symbols

Cp

D

H

M

specific heat at constant pressure,

Btu/lbm-sec

dome diameter, in.

NRe

P

q

R

r, 0

S

T

t

u

X, y, z

c_

A

5

P

T

Subscripts:

e

fp

ip

max

R

t

dome height, in.

Mach number

Reynolds number based on characteristic

distance S from leading edge

pressure, psia

heating rate, Btu/ft2-sec

dome radius, in.

polar coordinates (fig. 5)

distance from panel holder leading edge

(fig. 2), in.

temperature, °R

time

velocity in streamwise direction, ft/sec

Cartesian coordinates (fig. 5)

angle of attack, deg

ratio of specific heats

incremental change

velocity boundary-layer thickness, in.

density, lbm/ft 3

skin thickness, in.

boundary-layer edge

flat plate

instrumented plug

peak value

boundary-layer probe (rake)

total

2

w wall

1, 2, 3... measurement number

oo test-chamber free stream

Abbreviations:

B.L. boundary layer

CD ceramic dome

L.E. leading edge

PD pressure-instrumented dome

TD thermocouple-inst rumented heat-flux
dome

2-D two-dimensional

3-D three-dimensional

Apparatus and Test

Model

The model consists of various spherical domes

mounted on the fiat-plate panel holder, shown in

figure l, installed in the Langley 8-Foot High-
Temperature Tunnel (8' HTT). Either a laminar

or turbulent two-dimensional boundary layer is es-

tablished over the test surface depending upon the

leading-edge configuration. The laminar boundary

layer is produced using a 0.38-in-radius blunt lead-

ing edge, and the turbulent boundary layer is pro-

duced using flow trips with either a blunt or sharp

leading edge. The aerodynamic fences, shown in fig-
ure 1, are used to maintain two-dimensional flow over

the test surface by preventing vorticular flow spillage

at angle of attack. The leading edge is solid copper,
and the windward surface is covered with 1.0-in-thick

ceramic tiles.

The various dome configurations are illustrated

in figure 2. Three panel inserts were used to mount

the three dome configurations shown at the top of

figure 2. As indicated, the smaller domes were

configured by mounting the domes side by side to
match the analytical modeling of reference 11 and
to test various dome combinations. The dome lo-

cations shown correspond to the normal positions

for the domes. The designations "PD," "TD," and

"CD" refer to the pressure-instrumented dome, the
thermocouple-instrumented heat-flux dome, and the

ceramic dome, respectively. The domes were set into

the panel inserts with minimal peripheral gaps of less
than 0.030 in. The location of each dome is shown

relative to the panel insert and leading edge, and

the two leading-edge configurations are indicated.

Also, the locations of the instrumented plug and the
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boundary-layer probe are indicated. Normally, the

surface pressure and the heat flux were measured
upstream of the domes using the instrumented

plug, and pitot pressure through the boundary layer

was measured downstream using the boundary-layer

probe. (See fig. 3.)
The nominal dome dimensions are presented in

the following table. Dome 4 is the baseline con-
figuration with a diameter of 14 in. and a height

of 0.1 in. corresponding to the expected maximum
bowed height of a typical metallic tile concept. For

the parametric study, the heights were increased to

establish surface data trends for the larger protu-

berance heights. The diameter variation provided

a wider range of dome heights relative to boundary-

layer thickness for the same H/D ratios. The domes

consisted of a 0.50-in-thick disk-shaped base that was

recessed below the test surface and an upper spher-
ical portion that protruded above the surface. The

domes were fastened to the panel insert with a single
stud at their center.

Dome

1

2

3

a4

5

6

7

8

Diameter,

D, in.
7

7 .1

7 .2

14 .1

14 .2

14 ,4

28 .4

28 .8

Height,

H, in. H/D
0.05 0.007

.014

.028

.007

.014

.028

.014

.028

aBaseline configuration.

The pressure domes were made of solid stain-

less steel and the upper spherical portion was ma-
chined to match the nominal dimensions. How-

ever, the fabrication of heat-flux domes was less

precise since thin-wall material was formed and
then attached to the base with countersunk screws

around the perimeter. The top of the 7- and 14-
in-diameter domes was formed with 0.031-in-thick

stainless steel, but 0.062-in-thick aluminum was used
for the 28-in-diameter dome. Aluminum was used for

the larger diameter dome because of fabrication dif-

ficulties when using stainless steel; however, only the

largest height was successful when using aluminum.
A flat 14-in-diameter disk was fabricated for calibra-

tion of the surface pressure and the heat flux for

each flow condition and is shown schematically in fig-
ure 4. The ceramic domes were cast using Resco Cast

RS-17E material (of Resco Products, Inc.) for each
height of the two smaller diameters. The ceramic

domes were used to provide symmetry about the cen-

ter dome and to determine the temperature pattern

on the surface of an insulating material for compari-

son with heating patterns obtained from the thin-wall
metallic domes. Additional flat ceramic domes were

used on each side of the center dome when only one
instrumented dome was used.

Instrumentation

The pressure and heat-flux domes were instru-
mented with 58 sensors distributed as illustrated

in figure 5. Sensor locations are presented in ta-
ble I using polar coordinates r and 0. The pres-

sure domes were instrumented using 0.060-in. inside-

diameter stainless-steel tubes mounted through the
domes and flush with the outer surface. The tubes

were attached to individual electromechanical pres-

sure transducers located inside the panel holder di-

rectly below the panel inserts. The heat-flux domes
were instrumented with chromel-alumel thermocou-

ples with individual wires spot-welded 0.040 in. apart

to the backside of the thin-wall cover sheet. By us-

ing the one-dimensional transient heat balance, the

local surface heat flux was determined from the slope

of the temperature time histories of the thermocou-

ples. Also, the surface temperatures on the ceramic

model were measured and recorded by an AGA Ther-

movision System 680 (AGA-680) infrared scanner

mounted directly over the panel.

Additional instrumentation on the panel holder

consists of an instrumented plug and a boundary-

layer probe as shown schematically in figures 6(a),

and 6(b), respectively. The instrumented plug has

a Gardon heat-flux gauge and a pressure orifice to
measure surface heat flux and static pressure just for-

ward of the dome model. The boundary-layer probe

has 14 pitot pressure tubes and 1 static pressure ori-

fice and is used for boundary-layer definition over

the panel holder. Typically, the instrumented plug

was positioned forward of the dome model and the

boundary-layer probe was mounted aft of the dome

model. However, for several runs the boundary-layer
probe was positioned forward to define the boundary

layer just forward of the dome model.

Test Facility

The Langley 8-Foot High-Temperature Tunnel

(8' HTT) is a large blowdown tunnel that simulates

aerodynamic heating and pressure loading for a nom-
inal Mach number of 7 at altitudes between 80000

and 120000 ft. (See fig. 7.) The high energy needed
for simulation is obtained by burning a mixture of

methane and air under pressure in the combustor



andexpandingtheproductsofcombustionthrougha
conical-contourednozzleinto theopen-jettestcham-
ber. Theflowentersa supersonicdiffuserwhereit
is pumpedby anair ejectorthrougha mixingtube
and exhaustedto the atmospherethrougha sub-
sonicdiffuser.Thetunneloperatesat total temper-
aturesfrom2400°Rto 3600°R,free-streamdynamic
pressuresfrom250to 1800psf,andfree-streamunit
Reynoldsnumbersfrom 0.3x 106to 2.2x 106per
foot,andit hasa maximumrun timeof 120sec.

The modelis storedin the pod belowthe test
streamto protect it from adversetunnelstart-up
loads. Oncethedesiredflowconditionsareestab-
lished,the mode]is insertedinto thetest streamon
a hydraulicallyactuatedelevator.Insertiontime is
typically 1.5sec. Themodelpitchsystemprovides
anangle-of-attackrangefrom-20° to 20 °. More de-
tailed information about the tunnel can be found in
references 13 and 14.

Test Procedure

The flow conditions for the tunnel tests are pre-
sented in table II. The tests were made at nomi-

nal total temperatures and pressures of 3300°R and

440 psia, respectively, and the free-stream test condi-

tions presented are based on the tunnel surveys and

the thermal, transport, and flow properties for the

combustion products of methane and air as presented

in reference 15. The tests were conducted using three

surface flow conditions (cases):

Case 1 - Laminar boundary layer with a blunt

leading edge (no trips)

Case 2 - Turbulent boundary layer with a blunt
leading edge (with trips)

Case 3 - Turbulent boundary layer with a sharp
leading edge (with trips)

Runs 1, 2, 16, 17, 28, and 29 were made with

the flat calibration disk in place of the dome model

and with the boundary-layer probe in the forward
and aft positions for each of the flow conditions.

The calibration disk correlated the flat-plate refer-
ence conditions at the dome model location to the

free-stream total pressure and total temperature.

This relationship determined flat-plate pressures and

heating rates for the bowed-dome model runs. The

boundary-layer probe determined the boundary-layer
profile upstream and downstream of the 7- and 14-

in-diameter domes. The measured dome heights for
various runs are presented in table II.

Typically, the model was in the test stream 5 sec

in order to stabilize pressure transducer fluctuations

and to obtain time temperature histories from the

dome instrumented with thermocouples. However,
four model runs were dedicated to AGA-680 infrared
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scanner data so that the model was in the test stream

40 sec to let the model surface approach the radiation

equilibrium temperature. All tests were made at an
angle of attack of 5° .

Data Acquisition and Reduction

Model pressure and temperature and tunnel digi-

tal data were recorded on magnetic tape using the

on-site 8' HTT computer at a rate of 20 samples
per second. The magnetic tapes were then sent to

the Langley Central Digital Data Recording Subsys-
tem for processing of the information to useful en-

gineering units on tapes and plots. Model pressure

values were selected from the data after steady pres-
sures were established on the surface and in the ori-

fice tubes connecting the transducers. The slope of

the temperature time histories of the thermocouples

was obtained immediately after the model reached

the centerline of the tunnel. Surface heating rates

were calculated from these slopes using the one-

dimensional transient heat balance equation

AT

q = pcpr-_ (1)

The heat flux from the Gardon gauge was reduced

directly from the differential thermocouple output
that was calibrated in a radiant furnace.

The AGA-680 infrared-scanner analog data are

recorded on-site using a 14-track frequency-modulated
(FM) tape recorder at a rate of 16 data frames per

second. Each frame consists of approximately 100
scan lines with 120 data points per scan line. The FM

data tapes are digitized and reduced to temperature-
engineering-unit contour plots.

Results and Discussion

Local Flow Field

Undisturbed profiles. Local flow conditions for

the three cases of the present tests are characterized

by the Mach number profiles presented in table III.
The Mach number was calculated from the ratio

of static pressure to pitot pressure using inviscid,

perfect-gas assumptions. The profile locations were

forward and aft of the dome model location at Sit

= 58.1 in. and S R = 89.1 in., respectively. Mach

number profiles at the aft location (S R = 89.1 in.)

were measured with the dome model replaced by a
fiat circular insert so that no disturbance was present

forward of the boundary-layer probe. In figure 8 the

experimental Mach number data are compared with
Mach number profile distributions obtained from a

boundary-layer computer program (ref. 16) for case 1

(laminar boundary layer with a blunt leading edge



(no trips)) and case 2 (turbulent boundary layer with
a blunt leading edge (with trips)).

In figure 8(a), experimental data from case 1 agree
with the laminar boundary layer predicted by the
methods of reference 16, thus indicating that a good
laminar boundary layer is being produced over the
fiat-plate panel holder. Note that the experimental
data extend beyond the boundary-layer edge into
an entropy gradient region that is produced by the
curved bow shock associated with a blunt leading

edge. The streamline entropy rise is a function of
the shock angle through which it passes so that the
highest streamline entropy jump will occur through
a normal shock (stagnation streamline) and lower
entropy jumps will be produced as the shock angle
decreases. Thus, as a hypersonic flow field passes
through the curved bow shock of a blunt leading
edge, an entropy gradient will be produced with
higher streamline entropy at the wall and decreasing
streamline entropy away from the wall.

Mach number profiles for the turbulent boundary
layer with a blunt leading edge (case 2) are shown as
figure 8(b). The experimental data for this condition
also agree with the "turbulent prediction" of the
boundary-layer code (ref. 16) out to the boundary-
layer edge showing that a well-developed turbulent
boundary layer is being produced by the flow trips
for this case. In the turbulent prediction, transition
is assumed to begin at the flow trips (S = 5 in.) and
the flow is fully turbulent at S = 17 in. Beyond
the edge of the boundary layer, an entropy gradient
region explained previously is also present, as seen
for case 1 (fig. 8(a)).

Mach number profiles for a turbulent boundary
layer with a sharp Ieading edge (case 3) were obtained
using the boundary-layer code (ref. 16), but the
resulting boundary-layer thickness did not agree with
that determined by the empirical relation

0 (2)
S

taken from reference 17 or with the experimental
boundary-layer thickness. The empirical boundary-
layer thickness agrees with the experimental
boundary-layer thickness for both the forward and
aft rake positions as shown in figure 9(a). The ex-
perimental Mach number profile was reduced to a
velocity profile using the definition of Mach number:

u MT 1/2

M T /2
(3)

Substituting for static temperature using the isen-
tropic relationship from reference 18, equation (3) is

expressed as

. (4)

To define the variation in total temperature within
the boundary layer, the Crocco relation between total
temperature and velocity was used for the present
case. This relationship is given in reference 19 as

Tt- Tw u
- (5)

Tt,e - rw Ue

Therefore, the experimental velocity profile pre-
sented in figure 9(b) was computed by iterating with
equations (4) and (5). The total temperature was
first assumed constant through the boundary layer

in equation (4). The resulting velocity profile was
used in equation (5) to compute a new total temper-
ature profile that was then used in equation (4) to
compute a new velocity profile. This process was re-

peated until the change in velocity between iterations
was negligible. The experimental profile is compared
with the classical fiat-plate turbulent velocity profile

ue

as given by reference 20, for both the forward and aft
boundary-layer probe locations. The profiles agree
exactly for z/5 values greater than about 0.25, but
near the wall the experimental velocity is greater

than the 1/7th-power-law prediction.
This difference may be due to the initial assump-

tion that Crocco's relation is not satisfied throughout
the entire boundary-layer thickness and that difficul-
ties exist in obtaining good, accurate data near the
wall. Overall, the comparisons in figure 9 indicate
that a good turbulent boundary layer is being pro-
duced over the flat-plate panel holder for the sharp
leading-edge configuration with flow trips.

Disturbed profiles. Generally, the Mach number
profiles of the wake behind the domes for all the flow
cases were similar to the undisturbed profiles with
a larger variance at the larger dome heights. The
profiles for case 1 are presented in figure 10 for the
7, 14, and 28-in-diameter domes with changing dome

height. Figure 10 shows that for a constant diameter,
increasing dome height increases the Mach number
in the boundary-layer-edge region near the wall and
decreases the Mach number in the entropy gradient
region near the free stream. The increasing Mach
number near the wall is believed caused by transition
from laminar to transitional flow because of the dome

5



geometry disturbing the local flow field and causing

separation vortices near the dome.

During transition from laminar to turbulent flow,

a greater degree of momentum transfer from the free

stream to the boundary layer is present. This trans-

fer results in an increase in Mach number starting

at the boundary-layer edge and, as the flow becomes

turbulent, finally continuing through the boundary

layer to the near-wall region. This increase causes the

turbulent-boundary-layer profile to be fuller than the
laminar-boundary-layer profile. Note that the larger

diameter dome shows this effect to a greater ex-

tent than the smaller diameter, more shallow domes.

The decrease in Mach number with increasing dome

heights over the entropy gradient region is believed

to be caused by two weak shock systems forward and
aft of the dome, as illustrated in the inset in figure 10.

As the flow encounters the dome, a small initial re-

gion of flow separation occurs because of the adverse

pressure gradient behind the initial weak shock sys-

tem. The flow then expands over the dome through

a Prandtl-Meyer expansion region until it encoun-

ters the second flow-separation/weak-shock region.

The strength of the initial and the second flow-

separation/weak-shock regions depends on the dome

diameter and height. Most likely, the shifting of the
Mach number profiles shown in figure 10 is caused

by a combination of these two flow effects, namely,

transitional vortices in the boundary layer and weak

shocks outside the boundary layer.

The Mach number profiles at the aft boundary-

layer probe location for case 2 are presented in
figure 11. The effect of dome geometry variation on

Mach number in the wake disturbance region behind

the dome is similar to that for case 1, i.e., an in-

creasing Mach number in the region near the wall

and a decreasing Mach number near the free-stream

layer as dome height increases. Again, the inset in

figure 10 is helpful in explaining these profile shifts.
Mach number increases in the boundary-layer region

near the wall are due to the separation vortices caus-

ing more momentum transfer from free stream to the

boundary layer, and Mach number decreases near the

free stream are due to stronger shocks for increasing

dome height at a constant dome diameter.

Wake-disturbance Mach number profiles for case 3

are presented in figure 12 for flow over the 14-in-

diameter dome with varying height. The profile

through most of the boundary layer shows no signif-

icant Mach number variation, but the Mach number

decreases significantly at the boundary-layer edge as

the dome height increases. For case 3 there was no

vortical flow effect to increase boundary-layer Mach
numbers; however, stronger shocks caused the large

decrease in Mach number at the edge of the bound-

ary layer with an increase in dome height. For all

dome heights, the Mach number data presented as

figure 12 collapse together at z = 2.5 in.

Surface Pressure Distributions

Dome pressure measurements, normalized to the

flat-plate reference pressure for each run, are pre-
sented as table IV for each flow condition. Nor-

malized pressure contours are presented in figure 13

and give an overview of the differences between the

three flow cases tested. The effect of dome geometric

variation on surface pressure is shown in figure 13

with a dome height increase from left to right and
a dome diameter increase from top to bottom. The

baseline configuration (the 14-in-diameter dome that
is 0.1 in. high (H/D = 0.007)) shows little variation

in pressure over the dome surface for all three flow

cases, thus indicating minimal flow disturbance for

actual bowed TPS concepts. However, as the height

is increased over the range of H/D variation, the

pressure gradients become larger as indicated by the

contour density over the dome surface. Note that
for the two smaller diameter domes, there is a skew_

ing of pressure contours laterally across the dome

surface. Referring to figure 2 for the 7- and 14-in-

diameter dome locations, the pressure measurements
were made with the heat-flux dome on one side and

a flat plate on the other side. The lateral profile

skewing is due to the side next to the flat plate hav-

ing less flow resistance than the side that is adja-
cent to the heat-flux dome. This nonsymmetric ef-

fect is not present for the pressure contours of the

28-in-diameter dome because it was tested singularly

without adjacent domes.

Shown in figure 14 are normalized pressure con-

tours and the associated centerline longitudinal dis-
tributions for the three flow cases over the highest

14-in-diameter dome. Experimental surface pressure
distributions are similar for all three cases. Some

slight differences in surface pressure are evident near
the forward and aft dome edges for cases 1 and 2

and are probably due to slight differences in the lo-

cation and extent of separation for the two cases. In

general, the pressure gradients over the dome sur-

face for cases 1 and 2 are the same, but case 3 has

a larger pressure gradient due to the sharp leading

edge producing a boundary layer that has a higher

momentum gradient, as can be seen by comparing
figures 8(a) and 8(5) with figure 9(a).

The normalized pressure distribution calculated

by using the 2-D linearized, small-perturbation the-

ory given by reference 21 is also included in figure 14.

Note that the experimental pressure data are in ex-

cellent agreement with the pressures as predicted by

the 2-D linearized-flow theory with the exception of



the valuesat the forwardand aft edges.The pre-
dictededgepressuresdisagreewith the experimen-
tal resultsbecauseof thevelocitygradientthrough
theboundarylayerthat isnot accountedfor bythe
potential-flowtheory,3-Deffectsofthedomegeome-
try, andforwardandaft shocksystemsgeneratedby
flowseparation,asdescribedbeforeand illustrated
by the insetin figure10.Theactualpressurelevels
givenbytheexperimentaldatashowgoodagreement
with predictionfor both the laminarandthe tur-
bulentblunt-leading-edgecases;but for the turbu-
lent sharp-leading-edgecase,experimentaldataare
higherthanpredictionforthe2-Dlinearized-flowthe-
ory,aneffectpossiblydueto astrongerforwardshock\
systemor the normalizingfactor.However,it is im-
portantto notethat the longitudinalcenterlinepres-
suregradientisbeingpredictedwellforall threeflow
casesby the2-Dlinearizedtheory.

A compositeof thenormalizedlongitudinalpres-
suredistributionplots for the threedifferentflow
casesis presentedasfigure 15 in whicheachplot
showstheeffectof heightvariationfor a fixeddome
diameter. The regionof peaklongitudinalcenter-
linepressuremovesforwardandthepressuregradi-
ent increasesas the domeheight is increasedat a
constantdiameter.Strongershocksystemsaregen-
eratedasthe domeheightincreaseswhichcausea
greaterstatic pressurerise and the increaseof a
pressuregradientoverthe dome. Also, the pres-
sureat the domecenterexpandsbackto the flat-
plate pressurefor most H/D combinations. Note

that for the case 1 dome (7-in-diameter), the surface

pressure approaches the flat-plate level for increas-

ing x/R (downstream pressure recovery), an effect

which suggests that a flow separation shock system

may be present on the leeward surface of the dome at

x/R _ 1.8 as indicated in figure 15(a). The spanwise
effect of this flow separation is shown by the con-

tour plot of this case in figure 13(a) for D = 7 in. at

H/D = 0.028.

Surface Heating-Rate Distribution

Dome heating rates, normalized to the fiat-plate
reference heating rate for each run, are presented in
table V for each flow condition. As indicated earlier,

the smaller diameter domes were tested with a triple

dome configuration with the heat-flux dome in the
center. To establish the effect of the adjacent dome

on the surface heating rate, run 6 was made with

the single dome for a direct comparison with run i0
which had the triple dome configuration. The results

are presented in figure 16 where longitudinal and
lateral centerline plots are shown. In general, the

heating-rate trends of both the single and triple dome

configurations agree quite well except at the lateral

edges, as shown by figure 16(b), where the heating
rate for the single dome configuration is above that of

the triple dome configuration. As indicated earlier,

the lateral-edge pressure was less with no adjacent

domes; however, the lateral-edge heating is increased

with no adjacent domes because of the increased

shear flow. Therefore, the primary variance between

the single and triple configurations is limited to a

localized region between adjacent domes.

An overview of the heating rates for the three

flow cases is given as contour plots in figure 17.

This figure presents heating-rate contours with the

dome height increasing left to right and the dome
diameter increasing top to bottom for the three

flow cases. The baseline dome heating-rate contours

show little variation in heating rates over the dome

surface as was seen with baseline pressure contours,

an indication of minimal heat load augmentation

for bowed TPS concepts. However, for each flow

case as the height of the dome is increased, the

location of the peak heating rate shifts forward on
the windward side of the dome and the heating-

rate gradient increases. Heating contours generally

defined peak heating along the windward symmetry

line. The nonsymmetric hot spots could have been

produced by a time-dependent variation in the test
flow field.

Heating-rate longitudinal distributions along with
the corresponding contour plots for the 14-in-diameter

dome with a nominal height of 0.4 in. are presented

in figure 18 for each flow case. The figure shows

the boundary-layer effects on the heating rate over

the dome. A general comparison between the three

flow types shows that the heating-rate gradient is

more severe for the turbulent boundary layer with a

sharp leading edge than for both blunt-leading-edge

flow cases. The peak heating-rate level for the tur-

bulent boundary layer with a sharp leading edge is
more than twice the flat-plate level (see fig. 18(c));

whereas for both blunt-leading-edge flow cases, the

heating-rate gradient is more gradual and the level

of peak heating rate is approximately 1.85 times the

flat-plate value for the laminar condition and about

1.70 times the flat-plate value for the turbulent con-

dition. (See figs. 18(a) and 18(5).) A comparison of

dome heating rates between the turbulent-boundary-

layer flow (cases 2 and 3) and the laminar-boundary-

layer flow (case 1) shows that turbulent heating rates
fall below the flat-plate reference level on the dome

leeward surface, but the laminar heating rate stays
above the reference level over most of the dome.

Also, the turbulent heating rate for cases 2 and 3 are

only slightly larger than the flat-plate heating-rate

value at the dome center, and the overall longitudinal

distribution is similar to the pressure distributions
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presentedearlier.The heatingratesabovethe flat-
platevalueoverboththewindwardandleewardsides
of thedomefor case1 (seefig. 18(a))indicatethat
transitionaleffectsmaybe influencingleewarddome
heatingrates.

A compositeof all normalizedlongitudinal
heating-ratedistributionsis givenas figure19 for
thethreeflowcases.Thedataof figure19arepre-
sentedasplotsof constantdomediameterwith a
variationin H/D. Normalized heating rates for the

laminar boundary layer with blunt leading edge, as

presented in figure 19(a), show that peak heating

moves both forward and to a higher level as the dome

height and/or diameter is increased; and as the dome

height increases at a constant diameter, the forward-

and aft-edge heating is reduced, especially for the
data of the smaller diameter domes. The decrease in

edge heating with increased height is believed due to

the increased size of the separated-flow regions, illus-

trated in the inset in figure 10. The forward shift in

peak heating with increased dome height and diame-

ter was due in part to the corresponding shift in the
reattachment location.

Shown as figure 19(b) and 19(c) are the normal-

ized heating rates for the turbulent boundary layer,

case 2 and case 3, respectively. The data trend shows

that as height and/or diameter increases, the point

of peak heating again shifts forward and heating-rate

gradients become larger and are approximately the
flat-plate reference value at the dome center. Note

that the forward-edge heating rate does not drop be-

low the flat-plate level as with case 1, but the leeward

dome heating rate drops below the flat-plate level

similar to the corresponding pressure distributions.

Ceramic Dome Temperature

Figure 20 shows temperature contours and a

longitudinal centerline temperature distribution for

both the laminar and turbulent boundary layer with

a blunt leading edge (case 1 and case 2, respectively)
over the 7-in-diameter, 0.2-in-height ceramic dome.
These measurements were obtained from the over-

head infrared camera after a 40-sec exposure time

when the surface temperatures had reached a steady

state. A comparison between the two cases shows

that laminar-flow temperature levels were less than

the turbulent-flow levels and that the peak tempera-

ture location shifted forward substantially for a tur-

bulent boundary layer. Even though no quantitative
heating-rate data were obtained from the infrared

temperature time histories, the isotherm patterns of
figure 20 are similar to the heating contours shown

in figures 17(a) and 17(b).

Augmented Pressure and Heating Rate Over
Flat-Plate Values

The pressure and heating-rate distributions ob-
tained in the present tests form a data base to be

used in assessing the aerothermal load augmentation

of various dome protuberances. For this paper, the
increased loads for the 14-in-diameter domes were

computed and are presented in this section.

Shown as figure 21 are plots of the normalized

peak surface pressure along the longitudinal center-
line on the 14-in-diameter pressure dome as a func-

tion of dome height for the three flow cases. The

symbols show the experimental data and the faired
lines are a least-squares linear curve fit for each case.

The variation of peak pressure with dome height for

cases 1 and 2 is nearly the same, but the peak pres-
sure for case 3 is much greater. The flow of cases 1

and 2 was associated with the blunt leading edge that
produced higher entropy gradient flow than the flow

of case 3. Therefore, a greater static pressure recov-

ery is possible for case 3 because more flow energy
is available in the boundary layer because of lower
entropy flow.

Peak normalized heating rate along the longitu-
dinal centerline of the 14-in-diameter dome is plot-

ted against dome height in figure 22 for the three

flow cases. The variation of peak heating with dome

height is similar to that of the pressure. Although

the peak heating of case 1 was greater than that of
case 2, the increase in heating with increase in dome

height was nearly the same. The heating-rate in-
crease in the case 3 flow is greater than that of the
other two cases because the case 3 flow has a more

energetic boundary layer near the wall and, there-

fore, a greater kinetic energy recovery in the form of
wall heating.

The extent of heat load augmentation is shown
in figure 23 where the absolute and normalized inte-

grated heat load on the 14-in-diameter dome is plot-

ted as a function of dome height. The absolute inte-
grated heat load is presented as a function of dome

height in figure 23(a) where case 3 is shown to have

the highest heat load, followed by case 2 and lastly by

case 1. The normalized heat loads presented in fig-
ure 23(b) for the laminar-boundary-layer case show

that the augmented heat load increases from l0 to

30 percent with increasing dome height. At the larger
dome heights, the augmented heat load for the lami-

nar boundary layer is higher than that for either the

blunt or sharp leading edge in a turbulent boundary
layer. The higher heat loads for the laminar bound-

ary layer are probably due to transitional effects oc-

curring for the larger dome heights that are not ac-

counted for by the laminar normalizing factor. Blunt

8



andsharpleadingedgesin turbulentflowhavenearly
thesameslope,but the levelof normalizedheatload
for the turbulentblunt-leading-edgecaseis greater,
an effectpossiblydueto a turbulenceincreasefor
the blunt-leading-edgeturbulentboundarylayeras
it encountersthe dome. Theheat loadaugmenta-
tion shownindicatesthat for the TPSwith bowed
heightsof 0.1 in. or less(the maximumpractical
bowedheightsexpectedfor the TPS),theheatload
penaltiesarenogreaterthanapproximately14per-
cent for either the laminaror turbulentboundary
layers.

Concluding Remarks

Aerothermal tests were conducted in the Lang-

ley 8-Foot High-Temperature Tunnel (8' HTT) at a

Mach number of 6.5 on a series of spherical dome

protuberances mounted on a flat-plate test appara-

tus. Detailed surface pressure and heating-rate dis-

tributions were obtained for dome heights of 0.1, 0.2,

0.4, and 0.8 in. and diameters of 7, 14, and 28 in.

submerged in both laminar and turbulent boundary

layers. A dome with a height of 0.1 in. and a diam-
eter of 14 in. is representative of a thermally bowed

metallic thermal protection system (TPS) tile. Tests
were made at a nominal total temperature of 3300°R

and a Reynolds number of 0.3 × 106 per foot. The

experimental results form a data base that can be

used to predict aerothermal load augmentation from

dome protuberances typical of bowed TPS tiles.
The present results i_ndicated that for most of the

dome heights tested, the flow profile obtained from

the pitot probe in the wake region was not signif-
icantly affected by the presence of the dome. The

large dome heights caused a decrease in Mach num-

ber outside the boundary layer from shock losses, and
there was some indication of flow transition at the

edge of the boundary layer. The surface pressures on
the domes were increased on the windward surface

and reduced on the leeward surface as predicted by

linearized small-perturbation theory, and the distri-

butions were only moderately affected by boundary-

layer variations. Surface heating rates increased on
the windward surface and decreased on the leeward

surface similar to the pressure for turbulent flow; but

for laminar boundary layers, the heating rates re-

mained high on the leeward surface, an effect prob-

ably due to local transition. Peak windward heating

rates increased and moved forward with increasing
dome height. Because of transitional flow effects, the

heat load augmentation was increased by 30 percent

for the maximum dome height in a laminar bound-
ary layer. However, the corresponding augmentation

for a dome with a height of 0.1 in. and a diame-

ter of 14 in. representative of a bowed TPS tile was

14 percent or less for either a laminar or a turbulent

boundary layer.

NASA Langley Research Center
Hampton, Virginia 23665-5225
October 24, 1986
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TableI. InstrumentLocationsfor BothPressure-andThermocouple-InstrumentedDomes

Location 0, deg r/R Location 0, deg r/R

01

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

2O

21

22

23

24

25

26

27

28

29

22 5
22.5

22.5

45.0

67.5

67.5

90.0

112_5

112.5

112.5

135.0

O.943

.786

.629

.471

.314

.157

0

.943

.629

.314

.943

.786

.629

.471

.314

.157

.943

.629

.314

.943

.786

.629

.471

.314

.157

.943

.629

.314

.943

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

5O

51

52

53

54

55

56

57

58

135.o

i
I

157.5

157.5

157.5

180.0

270.0

292.5

292.5

292.5

315.0

315.0

315.0

337.5

337.5

337.5

0.786

.629

.471

.314

.157

.943

.629

.314

.943

.786

.629

.471

.314

.157

.943

.786

.629

.471

.314

.157

.943

.629

.314

.943

.629

.314

.943

.629

.314

11



8

0

r_

)-_

m_

•-i _q ,_ _ _ _ .._ ,._ ,-4 ,-q ,_ ,_

c_

o

0

c_ c_

0

o

c_

12



_b

_D

,...4 _ _._
c_

.o

8

13



O

O

Z

II "-

II '-

._ I-4

e_ I.--

I--

I,,.4

Z
_)

=

_-.40

_ur_

,4",,.!"

,,.lr er_

NO

f_fe_

,.40

¢_1 er')

NN

o,1_1

mO

O_
• m

N..I

-4,-t

,-4,-.-I

N,,0

.-4 -NI

,4"

N

g

N

N

e_
O

,,.4

4"

4"

:ID

4"

,_1" _11",.,IP

_o. e0

,-_ e. N
_ t£_ qp

¢134TI frp

N_N

1'_ i'_ (I'F

_og
o,,I ¢_ N

O P", ,_

N e,,i N

NNC_

-.0.1",--4

4"_N

)NN

r_ --4 --4

r,- q0 _

O" ._" 0

,,,_" 4" er

4"4"4-

00_0

_O

N N ,-.I

• • •

_.- O' m

00"0

,ID ur_ ,ID

f_ ¢,_0 t'111

_d- fll ,,dp-

Nit.,.

(_(11

,.OqN
(_e.q

fal_o

elll_

0"0"_
• 4u, •

•,t ,,_J",,@"

I,Ir, _r'_ 0
_,IP" ,,d- ,,,,,t

frl (1_ t_

e..4 e...4 _.4

I_1_O
e.,4 I_ ,,O

I',.., ,,,4 fe_

,,; ,;.;

@'_NO

_0_

o_r_

_@ P- e@

P_ _D P_

_3 er_ _

0_1 _

r,. ,._) N

,'11 n'l _'_1

,-._ ,-4 r%J
er't I_
•,0 z)

.-4

NO

...;_;

r,..- ,_ ,o
i_. h,. P,-

o,, h.. ,-_o
_..-i r-4 .-4

,_;..; ,.;

O_e%J

,_1 _ ,-4

.-.-4 .4 _.-4

-4,..4,-.4 .4,--I--I ,..4 _1 _1

":0 O'. ")

.4,....4....4

_.f ..4 r-4

..; ,_;,_;

41)
&.

I,.,4

I--

"1"

I"-

UJ

UJ

Z

I-4

U.I
.,J

n,

"r-

OO

,_ ,.f)

ff'l fll

OO

.d)-O

_-eo,
or.,.

.4"1'.-

NN

X.¢

¢11.4)
'.ON

;$

N,II"

Cfto_

,.-,I,-4

'%1 ¢%1

,_ O (tl

eo _. rvt

e.,4 ¢_t I,_

I,_ f,....O

.;.; ,,:

,,D _'_ i _-

urt u_ i_

,n@N I_.

c@ IMI N

,-40O'

_I@ON

f_ (1"j _al

e_ ,.-.i ,1_

N_4_D

,-4,-@,-4

,"4 _.'4 -'4

N

¢:)

e-4

O
O

'41"

e"4
enl

i...4

f_

N

f11
--..4

c_

O"

N

f_J

14

;:_ II I



0

0

0u

CK
l..-

I,-..

°-r
l,-

I..l.l

Z

I..-
7

..d

O

O

O
O

O

O
O
O

O

O
O

O
O

O

O
O

O

O

O

O

O
O

O

O
O

O
O

O

O
O

O

'3

O

,"40O
• • @

,..4OO _

0 _1 erl
,'4OO

P,- ,O _tr
""400

U_ N ,-_

,-IOO

41 • •

i,'4,-'4,.-.4

,-4OO

OO''_

O;'_

,-'4 _ _L$

--I_q ,-4

I,,,. 0 0 _

,"_ O O

0D _.100

e-.4 e..4

,"4O,O
w_O0,
NOO

,'_ON

_OO _OO

OOco
O0,,-4
0O,-4

_OO _O_

O_ OO_

OO_ _OO

O_ _O_
_ _O_

.,11",00"

r'd r.40

_O0_"

N 0 ,,I"
_0,-_

ooe oom

OO0d

r2) "4 r'J _'1 ,,I1" ur',_
_-4 ,r-.4 4

I--

0

7"

t-_

.J

Z

.,,,I

-'4O0

_-4 e.-( p..4

o400

0',,11"1"-
",1t"',11",0
."400

_-I P.I ,-I

P" ,O 4"
N O" ,,t1"
NOO

,_1"N ,0
•4" 0 ,0
N.-IO

od O, r._
00"0

000'

0O3DO

,-4O0

r,,.r,.._o,
r,,.,o o..

,.-_c) o
• • •

,o ,-._P,..

N ,--.,IO

0D o'1 .,_r

_4 ,-"4 .,.--(

d,-_ ,.)

.,-"4 _'-4 -.4

"Or"@

NOO

O1_O
NOO

,,-4O0

,oO_m

t%_OO

oJOO

OO'O'

e,-4

_-'4 N O
,-4O0

•.'.4 ,-4 r-.4

O,J .,_ N
r-40 '_

e_oo

•_1" O ,,t
00OO

_DO0 _
'4"00

NO_'
_DOO

• • •

00o_
OO_'_
00,-4

,"_ 0 rO

O'_ O ,-.I

_"_ O O
,-40,O
r',IO O

0,._O r.--
O00_

_,I00

,--4 ,-4

co 00"_
0 .30"
e_oo

•-.4 ,,..-i

_'_ 0 rd
03 0 ,-_
m • •

--4 _--4 ."4 -4 _-_

_ ..'4
O 0" ,O.

_/ 0 r',-
h-Oeq

%1--4 J .¢'I _,',_ -4
• • 4

nd dc_J

n_

I--

"I"
I--
i..4

A,U
_9
O
n..

Z

UU
-.I

"1-

O, ;_. ,0

mr_o

_oe_

,I_ .-.IO

,d" O ,_D

_ ,,"_O

,4",-.IO

r..4 _..,4 r,4

• ) I"-.c'_

O._,_
'4" ,'-_O

•O ,r_ 0',

,-IOO

J,i,i

,-4,--I,-4

"_ ,0 N

rq :"_ 0

or,-- 0,

J3J

0" ,O I',.-

•,t",N _.-4

•-I O -I

'.E',od ,....,I

,--_ -4 --,4

-.?'-4 _

O ,"'_f_

I5



c_

+_

O

(D

.Q

O cO P"- O
O p.. O' ¢r_
O O'O'O

,.t ,-4 if- O _..) _..-L
eq _P- O0,,'4
OO'O" .,'40 O

•-4 ,..4

0 _00 _ _0_
0 _00 0_ 00_

oeo oeo•

0 O, ,-O _
0 _ O" ,'q
0 0"0'0 000"

,-I ,..I

L,_oaD
NO_D
000"

g • •

0 0_ 00_ _0_

0 000 000 000
0 000 000 000

_1_ _ 0 000 000 000

Z

_1_ _ 0 000 _00 O0 _

• ; "" "
Z

_ _ 0 _ _ _ _ O_ _0 0• eoo oeo _oo

0 000 _0_ _00
• ooe oeo ooo

• a,o • • • • • • 4 •_I_

e_ o_ o,
oo'o"

_-4

ru _r_l o'o,41"

oo0 ,-4o o
ql • • • • 41

_O _OO _O_

O@O OOO OOO

en I,.. w_
0"_0
0'0'0

ou c0 c0
00_0 .

.--'4

000
000
000

_ _OO
O_ OOO

0,.I P.- _"_ P"O0
,8"00" oUO0
000" 000

9 • • • • •

f"4 ,'4 _'4

000
000
000

000
000
000

-D ¢'_ O

¢%100"
¢*'3 .¢_ cO
--400

• • •

D,..',,.0D
D,- JD N

,-4--4,-4

_00 _00

0 ,Or" N :) O_
.,.r u-, ,--i ,o o _D

--; ,"-."d

",,;,'30

.-4,-4--I

r-- :D o

u_ II r_
r,_l :nj ,%1

r_

r_
I'-

1"
I--

:31

C)

0
Z
I--4
(:3

--,I

O.

"r

Oo_lr
0 ,,U _I
,-400

_C_ CD CO

OOO

co _r_ _

_DmO
000

_-.O _.4 r..4

N ,-_ O"
OOO _

000
000
000

,-40O

,-4,-4,-4

NOO
@ • •

,--4,-4,-4

r_J _-40

00_
,00
,-40O
• @ •

,--4_-4 --I

,_aoo
un O, ,,t

r_O,D

,_q ,-40

--4 ,-4

_X) M ,-..I

."3 --_ D

,"q _ m

16

I[! I !



0 I_. ,,tP" _ I_ C_l I_ 0 I'_.
a) _00', I_ a) O_ I_..0_

J • • • • • • • •

,c'lr__1,,_e.,,,4

• ooo ooo ooo

0_ _ _0_

e_o ooo eoo

_0_
O_ O_ r,..

O _ _ OO_
O _ _ _O_
O _ _ OO_

• o_ ode ooo

OO_ _ _O_
_ _m _O_

_ _ OOo
ooo ooo ooo

O P..0 t,.-
_'_ _'-4 O,
OOO"

r..i _4

O _ _ _o_

• ooo ooo oeo

_ _ _OO
_ _ _OO

ooo o_o ooo

16-,0j,_ f.,...

0

O O'_ ,4" I_. ,O I",. ,,_" _'_OO

o (:000 _

.D O t'- ,4" I",- u'_ n_ O_ r-40 I',.. h.-

° o
in,. • • • • • • • • • • j..
u-.4 1-4

_J

_n 0 1"'-,-40" 1"0"4" _0 0 _'_ _1
_I_-_ o ooo_ oo_ _-o,_ -

• • • • • • • • • •

I"- T,...-

7 "7

-J ..j

O o,_ ,_ _.. I_ ,D u'_ O'O1_

_t_ O O" 0 _ O" O'O _ 0 _ O" O 0 _
• • 4J • • • • • • •

_ _ _O_

_ _ _O_
ooo ooo ooo

ooo ooo ooo

_O_ _O_ _O_

oeo eoe ooo

_ _ _O_

ooe oo_ ooe

O0"4"
00 O" O"

I"- a) O,

N_Oad

_-_ 0 O"
000"

r-4

o_o oeo _o_ • 4 •

_:_ _0 00_
ogo ooo ooo

0 0_'0
0"(_0

4 ooo ooo oeo 040 ooo _4e

.D 00 _,J
O_'_

•-.4 _ .-.-4 '-4 --,,.4-"4 -I _'.,.; "%,J -"%,1_'%J_ "_J "'*_J ",d _.fT0,.,,rl _..e_l,

17



O
O
O

I

I'- r-0 ,.f"
_D rr_ a.)
O" O" O"

N a-g 0-q

oo, a,
(l el •

g-I

00_

O_ I_ ,41" 00.,t1" c'r_ 0 _D
O_ O" _pq _ cO O" O,--a
O0 _ (3" 00'0' 0 O0

• • I Q • • • • •

T"- O" P.-
r4 ,4- O_
i..40 O"

_,-,4 _..4

0
0
0

,_ ,0 O"
O" O" U"

a_a,o

o, 0,0"

_OO0"
q_Oco
000"

i-I

00' 0 00_0 _ 0 O0

_-4 /.'4 _ /."4 r.4

crl ("_J r.4
OOO

T4 r.4 _.-4

O

0 P" P_ ,-_ ¢_ rn ,0 _g_ 0 P'.

_J___ 0 O' 0'0 0"0"0" 000'

_.4

0 N h-_l _r_O _ aDO=)
0 P_ ,00 ,O.,_ren O_ 0,0

_1_ 0 (3"0"0 0"0'0 • 0'00"

0(3"O"
• U •

•4" N f"-
¢,n 04", ,O
O' O" ¢_

NOO"
000'

0"1-4 ¢n _)00" _0 O0 _
OOD 0 _Dc_3t_ _ O=O
00_ 0 0,0_0 ' 0 00"

r-4 F.'4 r'-4

(_ CO CO
I_,. N T.,I
OOO

_1 r4 e.-I

N .,O 00
_r_oo
ooo

0
0

0

•d- O ,..-4

h- ro O_

O,_DO
0Otto
,0_0"

r,.. o N
.ooro

01_.0
_-_0

0
0

0

_.00'
,0 0_I

03_-4

r,. 00 O_ Of_ao

,'-4OO
00_

_0 0 r'-

43,0 _

,D
0
0

LO

00 O, O_

,-4 _'4 -4

mD'_
--'40 _"_

•-t .--44

_'_ C_ -.4
.4 ,'_1 "%1

'_10 -'4
_0_"

.00_0
C'D _1 ,"_I

0 _4 _J

18



O

C_

r_

(:3

O

_D
Z

Z
.'3

a3

0
0
0

0
0
0

0
0
0

0
0
0

O
O
O

O
O

O
O
O

O
O

O
O

.3

_ _lk eel
OOO

i,,4 e,,.4 P.-(

P.- .O N

,..4O0

_DOO
i-I _¢ O

NOQ

•-I e-4 r.4

_OO
NOI _-
(%1OO

OOu0

¢q O _.1

_1 e-I

...tO'.4" _ _"_ .'_ o"l C, _.
,¢" 0 ed OO_- COON
OOO ,"40 0" '-400

• • • • • • • • •

ooo ooe coo

7_ .-..4 -,I
,i"_ ,O .O
0" J" ,O"

¢0 '_J --I
,O .3 ."_
-_ JO

,"4 .'-4

N ",1" 0

I_. O_ O

,-4OO

• "4 a-.4 _-O

_D O _r_

NOr_

_OO _O_

_OO _OO

_OO _OO

•_t en O,
Orqe_
,-4OO

• • •

,--4OO

O_O OO_ _OO

0'. e,4 ,¢'J
0'30

-¢o30d

--4O0

_ O0_q
00_ _0_

_0_ _00

O -,,I ,','1 o00_-

d- 0 _d
,--40,:3

073_"

o.
k-4

I--

I-

_J

Z

LU

-r

ur_,o
O_
¢_1 ,-t

• 4

,00'

e-I
¢D
0

0

O ur_ u_

,'4,-4,-4

I_ ,,,.,,I
N_,-4

I'_- ,0

,,_ t,--(
•d" ._r

0

_4

0

,-I

0

rxl _ u'_

,-I00
• @ •

_JO

r_o

D 0

,0

0

O

O

,.-.I

cO

3

./3 r.,. 0D rl_
.'..4 ,.-.4 ,.-'4 -4 -'4 -e _J -j

_J

lg



O _ O" O q_a er_ ,,r_ _,1 O_P,O
_D O r'_O _ 43e-d i..4 ONO

P.- ¢_1,4" f,4 q-4 fe_ OOO
¢) _Dt'_l Oorl I_- Og-I O
N0-1r-4 0Der_ _1 O,O O

_._ ......

_ rqrl 0D

i-4 i-4 f-4

_ _N O_O
_ _ OOO

,O,OO

I_ 0_1 oU
u • •

r.,I _-4 T-I

0

0..

0

0

• oeo oeo oog

--,I i,) _C_ T_. 0" 4 :'x.l )_ ."_
0 0 "xlh- _C_ 0 aO ...)00 0

.'_ 0 h- I_ D- _ n'_ .),"dO

• .... _;,_; "._•

1--

"I"

j.--
o,-q

LLI
_9

0
U,J

Z
t-,4

..J

I"-
Z
2:)

nn

_ _ O_O
oe_ •

_ _ O_O
_ _0_ 0_0
_ _ 0_0

00_ NO_ OOO

444 444 _

_ _ 0_0

_0_ _ 0._0
oee oeo oeo

N ,-4 ,--g _'_ ,-'_ 0 ('_ ¢%10

444 -;44 "4 •

_J 4,--t 0 ,-40 0 ._ 0

..1" Ch J', O" ,-_ r-- o _"_ _D

,WD 0L"I 0',
,,dD (_,J WD
,1_"1a,-4 e-,I

,,,TN ,41"
MNN

r-I _,-Ir-I

000
_'-00

P'-O_

T _ 0
,01'--,-4

_ ,._ _1 _ _', _1" _r't ,Z) r_-
-4 _-.,J %Jr_3 _i _1 _i

2O



_D
,O

i--4

¢P f-I _1

_1 e-I i-.I

O,r_O
li_ g-I N

ONO
OP-_o
0 P,.- 0

Pi

_aDCD
¢DNcD
OOO

• a •
,-I 1-1 t-I

¢M i-I t-I

OCOO
ONO
Ow-IO O

OCD
_O
OO

t-I i-I

O
_0 _DO _

C¢_ i-¢

aD f¢1P,- ,-¢
o'1 N P_ _rl
.-4 ¢D _I r-_

O,'qO
O,,,t"O
C) O'O OOO

0,0O
r'_ e-I (%1

OO'O
O,OO
ONO

e-t

O
(%1

OO
I •

O•
N
p_

_-I 0el O _r O _'_
o, Oc_O
O ,O ,.-_ ,-_

Oo, o
O_00
OO, O

¢D ur_ O
O O _-'1

0 0 ,r',,,I

¢ri IM (M

pI ,,.,.4 i,-.I

O_10
Oer_O

0rl u'_

OO

eel

p-

O' N _-t
O. ¢_ aD
O'OO'

CO t'_l _D O'4"O
Ocf_O
OOO

r_d

_1" ,O P-
1"4,OO
OO,-4

_-.I _-¢ r..i

¢¢1N aD
•4P C_ N

OOO
OCDO
OffIO

t-I

O
_D

P_O

OO

,-¢ t_l

O

i--

I-

_3_

c.9

Z

F-

aO
p-

e-I

"41"
N
aO

_O
O
CO

C7'

c¢1

i
,-.4

O i,-I _IP
P_ a0 P.-

t-! _-I r-¢

P... _t O,

,O N r._

t_'_ r-I ,4t"
_O O" 0"

O,4"N
P_- r_J t'_l

r-f _ r-t

O_C) O
OOO
O-4O

0,,00

• • I
,-4

• • o

0 ,-.I 0

• • i

• • •

"I"

J

r_3
z

_J

t-.

,41-o,-4
o, o ,_D
0,00,

P_ O, ¢D
0O,-'4

,'_ O P'-

O' O" O"
• • •

_-_ _r_ O
oa _1- o,J
oo-q

_4 ,-,I r-I

r..J _.4 t..4

(_, ,...g ,_

(_l _.4 ,..4

i-'4,-4,-,I

_, (3" ,4"
(%1 ,,dD ,.O

•,-4 r..4 r'-'l

,O ,,,_ _'%J
.0 _P ,J3
..,t" "ql :M

OO',4"
O, aD ,-4
r_ O ,-,4

0'4"O
O_1"O
O_O

OOO
OP'.O
ONO

Oe_O

or_o

O0"O
000
0 ,"-t 0

9 • •

3:
I--

L_I.I
_._

I._

Z

Lu
..J

-t-

O0
,4" _'1
NO

_la-q

,-O0

,-i(M
,,1",'4

0

,43
p_
O

O

r-I

..0 _t 00

e_l .-40

urh ._t N

.-4O0

r,-I ,-4 r-I

_=_ 4u • • • • • • • •r'4 --4 1"4 "'4 _ ''4

r-- o ,o

00 ,-.-.r

-4 ...4

0 f'- -'_,
0_10
OodO

.-4

0

,,-.,I

...tO'

_,-4 r..4

---4 ,-.0

r,,.. ._t _F" ,C_ cO ¢0 (_ 0 '00
._d 0 ,.-I

uDO ,'¢I 000
n-I 1_..

,-4 -4

_-,I ,--4

,..7" _ --4 ,_ ,._ _ '_ _ -4 ,_ -4 --4 -t

...._ -.4 -J

"_03

,-4

,-,el

_-I r-4

I_- _0

-'4 _,1 "%1

21



.-_OO
aOOO'
N_.¢O

v.=l _.1 q-I

O_lrO
Or-lO
0.4"O

p- O. ¢0 t_ a0N OO O

• • • • • • • • g

r-I 00 if3

r.4
u_O,O

=r_ P.- O
• Q •

OrfbO
OO'O
O_OO

O'0OO _ O ON O¢_t O
oft ¢vl r_ O cour_ O_-I O
¢'t I_ o_ I_. _O Or" O

_ 0o fir1
I£_ .,O 0O

0
K_

,-4

_N_

,,_' t4"t tt_
¢_00"

P4 _-4 r.4

O'

',d" _N

0="¢

N_

O_
O_
O_

O_
O_O
Our_

O
O
O

O
O
O

O¢.4" _D ,-¢ ur_ OO O

0_o'O _ OO OO O

¢_t aD¢_l o't ,D _" Ocvt O
0DO, O _-_O O 0,=4 0

0(3"O,

O P,- er)
OD_DN
O, O" O"

M

I'--'

I--
- ::3

0

; ;:2 o
± N 7

7

2_

-- t'_

43 ('3 _") I_" _" h", ,0 00,_0

,_ o, JO0 ,4" O0 01",-¢7)

'_0 coO 0 f_,._c_ 0*--4 0
,,11",,,t"::0 _"_ oJ I_- 0-,1"0
O" 0" 0 .-.4 r-_ ,-.4 0,--40

_NO

(_J N 0"

_ r',.., r'_

,"401""
OO_

,0 u-,t O_
0c¢1_
O, 0" 0"

+_ _"_ D- ,(D O' O''_ 0 ,,0 <.'_

0 _,,, O* :::) ur't _:3 _'3 "5 a"t -"_

• • • • • • • • 41 •

14 ,.-4 ,'-I 4 ,.--4 ,.-.4,-4

• "" "

......

0 Pd _3_'

_D (z30" O_ 0 ,-I c.d _e, ._ Le't ,0 I_. 0-i(%1

22

!!| :J i :



N
G_

,O

F-I

_r_ _D _

_4 r.4 _-4

O4"0

w"4

_ O ..=0
wD r_ ,_D
0_00

r-I F-I

1"40 O
• • Q

O1_O
O0OO
OOO

• • a
a-#

,O
O

¢¢b r.i
Or..I
OO

..O
r,-

,4r _o _D
4"NO,
m _.-I r-4

f'_ K'IOD
_PI r,.. e-i
,43 ¢,,4 _,1

_,..4i-4 _-4

O,"4O
OgDO
O1_O 0"OO

_r 00 ,0
O_0O _

_-IO O

OP'-O
OU_O
O_'_O O

NP_

_-_O"

r_

N

O

O_O_0

N r,.-,o

O_OO

_-¢ i-I

O, NO

P-4 t-4 r'l

OD 0o O,
O, _4,43

• ii @

O_O
O0_O

OOO
O_O

_N
0_00

_r..I

_'_030

0_OO

_v_ f'.- .,lr
OO,-I

•"4 _l a-,4

O0OO
OOO
ONO

O_O
O_O

O_O

OO'_

e...4

_0D_D

O'OO"

©

0_

0_

O',-q _ ONO ._1" O_ O
I_.P- P,- O1_'_O 03,00

O_ 0 _ OoJO i.-- N _IN
_ _ ONO OOO_
_-_O 0 _ OOO "I" O O 0 _

31

o_
_OO O" O 0gO _ _ OO

_O0" OOO O r_O_
OOC_ OOO _ O'OO _

O'_0 cO O _O _ NO _
0"O" O" O C_O ._ 0g O_ 0O

o.

_-_N U_ _ _IPO c,_ O I_- N
_I'_ _ O NO _ _ _3
o00'. O" O ,,._ O .,,O oD 0D

00 ..11-r',.. _.e_, N _-I0_ O NO
O P"- O O" "_ ,-I ."_ O e,,,I O

0D _1 r',,- n,,,i _I'NI _- O ."_ ,._ cOP_O

43 rs00_
6 • @

c._ 0 _ ,_
O_O
or_o

_3 'OO
043O

_ir o_ N

_0

,,t
N r_C_ O _"b

"_ :'O .0

oO O', O
_-_"

_,._

O..OO

o_ •

-I ,-_ r-I "_,l c_ r,,,,I
0 ,,,,-I N

23



I_ N ,41"C) P'.- O_ or1 O 1.4 C)
In O_)O i_ OO O NO
0D ,41",-4,--I I_- ¢vl ¢vl OODO

C) N ._11"P-. OO11%1 OO_O
O" ,,11",-IO CO f_ r4 O OO

• • • • • • • • • •

0_ O r.-t
_O_DN
00,4

N --q _1

erl O, enl
erl 0 i-4

,-,I,-4,-I

OP'-O
O1_O
OOO

r-g

Ou'_O
0,'4O
OnIC)

¢11 ,-I e_l

.,t',-4.,11"

I"" ¢',.I N

,-I,-4,,-I

0

_OO, N
Nf_N
,.-I,"40

r.4 ,.-_ _-t

,.-i r.l O,

ii al •

,.1-4-0o

• • •

04"0

OOO
0,40

OOO
O_O
OOO

,-4

O,-_O

O-fO
O_O

,-'4

O()O
Q_O

° _ "

°_ °

o.

og

'1"
i..-

J

w

Z

0

-J

"r
.4

N _1 ..1"
_f_PI

NO_-I

r..i _,-_ I_ .
_D .-I ,-I

_'- 'M oU

,-4O0

P- f_'_ _0 I'-- C0 _) na ,..) n'_ 3
•-I r_,--I pI .-I ,-4_ C) 40
0" ._'--_,-_ 33 r_leU O ,40

• • • • • • • • • I
000

-4 --_ ,--_

0,4-,-13

o3 _-I ,-4

,--.I .-,4 --.4

O0

0("_

J
0

0

,-_ q3 r13 .'], _D ..),-I 0 _ 0

DC_

00 '-- 0

•-4 ,-".4 ,'-4

•D ..11"

,-4

.-)
D

O

_M_) '%1
_,l O U0
(I_ -40

4"-I O
_'- TD

0

i •

"3

0

i

"MCnN
4.") rj

N _J_M
O,-0N

24



OF PCO_ QU/_LITY

25



I

Io_ o

o

I,
/

.._

s-

_g
e-

%
g

bd)

0

o_

.<

o

©

©

o

o

0"3

26



OF PCO_ _;_L!TY

_D
0

O_

_D

o

g

.E

0

0

0
z

27



I

0
U
0

E
e-

I--

I
i
t
I
i ×
I

I
I "X

I I
L_----J

0

¢)

I,=,

rJ_

©

<

.o

bo

28



O0

3_
0

I
I
I
I

N

.. x_

• , \

• , \
\

\

\
\

\

\

\
\

\
\

\

\
\

\
\
\

\
\

\
\

\

\
\

\

\
\
\
\
\
\

\
\

\
\

\
\

\
\

\
\

\

\

• \
• \

\
\

\
\

\
\

\

'x

\
\

x,

'x
'x

\

o

1-4

o

o

d)

r/3

o9

2

29



Gardon heat-flux gauge -

ow_
Pressure orifice_ / I 1 i----_2--'

(a) Instrumented plug.

Flow _ -

Pzob_!_.._
1 0.032 I
2 .096 I
3 .160 I
4 .224 I
5 .288 I
6 .416 I
7 .544 I
8 .673 I
9 .800 I

10 .928 I
11 1.12 I
12 1.44 I
13 2.00 I
14 2.50 I

(
f_

, ,_ .. _> ,

'_@ @Y 'i

Pitot tubes

2.!751

r Static orifice

/
t

0. 992

I

(b) Boundary-layer probe.

Figure 6. Additional panel holder instrumentation. All dimensions are given in inches.
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O Experimental data

B.L. solution (ref. 16)
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7 0
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- Entropy gradient O
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16)

(a) Laminar boundary layer (no trips). Case 1.
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,J I. 5
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Entropy gradient
-- outside B.L. O
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N

16)

I i J
5 6 7

3.5 m
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2,5

2.0

1.5

1.0

.5

SR = 89.1 in.

- t o
-- Entropy gradient

outside B.L.

.2, ,1 ,
1 2 3 4 5

(b) Turbulent boundary layer (with trips). Case 2.

Figure 8. Mach number profiles for undisturbed flow with blunt leading edge.
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H/D = 0.007 H/D = 0.014 H/D = 0.028

D=7in.

/

D = 14 in. /""
0.8

1.0

F_low.

D= 28 in.

(a) Laminar boundary layer with blunt leading edge (no trips). Case 1.

Figure 13. Overview of normalized pressure contour. Nominal HID conditions.
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D-= 7 in.

HID = 0.007 H/D = 0,014 H/D = 0.028

D = 14 in.

F1ow
---- _" Baseline

D = 28 in.

(b) Turbulent boundary layer with blunt leading edge (with trips). Case 2.

Figure 13. Continued.

38



H/D = 0.007 H/D = 0.014 H/D = 0.028

i I

F1ow _ /

D = 14in,

11

(c) Turbulent boundary layer with sharp leading edge (with trips). Case 3.

Figure 13. Concluded.

39



F1 ow

2.00

1.75

1.50

1.25

P/Pfp 1.00

.75

.5O

.25

(_ "<)
-o -Q

-.%

I I I
0 .2 .4 .6

/

I
.8 I.

x/R

o Experimental data

2-D linearized-flow

theory (ref. 21)

-- <)
-CL

"_C)

I I I I
1.2 1.4 1.6 1.8 2.0

(a) Laminar boundary layer with blunt leading edge (no trips). Case 1.

Figure 14. Contour and longitudinal pressure distributions. D = 14 in.; H = 0.4 in.

=5

4O



F1ow

2.00

1.75

P/Pfp

1.50

1.25

i. O0

.75

.5O

.25

m

2"'0--.0.o

0 Experimental data

2-D linearized-fiow
theory (ref. 21)

• I 1 I I , I 1 I I,

.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8

x/R

.-.Q

2.0

(b) Turbulent boundary layer with blunt leading edge (with trips). Case 2.

Figure 14. Continued.

41



2.00

1.75

/

/ / ,
/

II 1

P/Pfp

I. 50

1.25

1.00

.75

.5O

.25

-_ _0 0
0 _'_. 0

I I I
.2 .4 .6

0

0

t

I
.8 ..0

x/R

0

.. 0

Experimental data

2-D linearized-fl ow
theory (ref. 21)

0
0

0
.. 0

I I I I
1.2 1.4 1.6 1.8

(c) Turbulent boundary layer with sharp leading edge (with trips). Case 3.

Figure 14. Concluded.

O

2.0

42

Ii! _| !



1.50 -- D=7in.

P/Pfp

P/Pfp

1.25

1.00

.75

.50

.25

1.50

1.25

1. O0

.75

.50

.25

0 0 0 0

Run H/D

O 7 0.028

O 8 .014

- -,", 9 .007

I l I I

0 0
o

0

0
a ,, .=.

Run H/D

0 i0 0.028

D 11 .014

z_ 12 .007

I I I l

O

11
A Z_ A A Z_
8 o o o 8

O O O

Pressure
recovery

)

1,,, I 1 I I

D = 14 in.

0 [] 0
0

0 0

I . I ,,I I I

P/Pfp

1.50 -

1.25 "O

[]

1.00

.75 -

.50 -

.25 -

0

0 0 0
0

[] o o 0
0 o I

Run H/D

O 13 0.028

[] 15 .014

I I I I....
.2 .4 .6 .8 .0

x/R

0 = 28 in.

8 O
0 o 0

0 []

0 0

I I I I I

1.2 1.4 1.6 l.B 2.0

(a) Laminar boundary layer with blunt leading edge (no trips). Case 1; run 12 is baseline condition.
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Figure 19. Longitudinal heating-rate distributions on protuberances.
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